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ECORDING high-quality somatosensory evoked responses (SER s) in an electrically noisy operating room presents technical difficulties that defeat many available averaging systems. A popular approach to automatic artifact rejection involves the use of a voltage threshold criterion, whereby data are accepted for analysis only if peak values during an epoch are less then a pre-set maximum. Although this approach is satisfactory for visual or auditory evoked responses, it is not applicable to SER's with their associated high-voltage stimulus artifact. To overcome this difficulty, the amplitude discrimination circuitry must be disabled for the brief period of time during which the stimulus artifact is expected.
Another problem encountered during intraoperative evoked potential recording is electrical noise, especially that generated by coagulation devices. Typical patterns of use with monopolar and bipolar devices give rise to aperiodic clusters of noise containing multiple individual bursts of noise within each duster. Ideally, evoked responses should be recorded only during the long noise-free intervals between clusters. The short noisefree intervals between bursts within a cluster are not suitable for data acquisition, since during these times baseline shifts occur as amplifiers recover from being overdriven by noise. In our experience, the short noisefree intervals within clusters of noise typically last less than 5 seconds. Thus, the long intervals between clusters that are ideal for data acquisition can be selected automatically by searching for noise-free intervals that last for more than 5 seconds.
The features noted above have been incorporated into the design of a noise rejection device which is readily interfaced with commercially available clinical electrophysiological equipment. No modification of the commercial equipment is required. The use of this device allows the acquisition of high-quality intraoperative evoked responses, including SER's, with a minimum of difficulty or user intervention.
Description of Device

General Description
A conventional approach to artifact rejection based on amplitude discrimination is employed. Two features, however, distinguish the present design. First, the discrimination circuitry is temporarily disabled following each stimulus (clock) pulse. The duration over which the discrimination circuitry is disabled is adjustable (0.1 to 10 msec) to correspond to the duration of the stimulus artifact. Second, data rejection is programmed to occur for the duration of the "overvoltage" period plus a fixed additional time following cessation of overvolrage. Data acquisition does not begin again until the last overvoltage has been followed by a fixed time interval completely free of noise. One of two fixed times may be selected, 0.5 or 5 seconds, depending on the noise environment (see Discussion).
The output of the electrophysiological signal amplifier(s) serves as input to the device, where it passes through two unity gain buffers coupled by a solid-state switch. The output of the device is then passed to an averaging computer for standard analysis. The clock ("synch") pulse from the stimulus programmer is also gated through the device to the computer. The occurrence of a clock pulse initiates the sequence that disables the amplitude discrimination circuitry during the stimulus artifact. During periods of data rejection, a zero voltage signal is sent to the computer and no further clock pulses are sent. Onset of noise between epochs thus halts the averaging process. If noise begins during an epoch, the computer processes the initial portion of the response in the usual fashion and processes "zeroes" for the remainder of the epoch. That is, the epoch is terminated rather than discarded.
Circuit Description
The buffered input signal ( Fig. 1 ) is passed to a fullwave rectifier (324 B and C). The magnitude of this signal is compared to a voltage, VTH, at 339A. The VTH is obtained from a precision voltage source feeding a resistor network (not shown). The value of VTH is selected by a pair of thumbwheel BCD switches on the front panel of the device. This value may range from 0 to 9.9 V in steps of 0.1 V, and is adjusted to slightly exceed the expected amplitude of the amplified biological signal (excluding the stimulus artifact). When the peak amplitude of the input signal exceeds VTH, the output of 339A goes low. This low state is passed by the inverters, 339B and C, and triggers the retriggerable monostable 556A. The monostable cycle time may be selected for 0.5 or 5 seconds, depending on the characteristics of the noise environment. A state of data rejection, indicated by a high output of the 556A, lasts the duration of the overvoltage plus 0.5 or 5 seconds. The 339G is used as a voltage translator to control the FET switch, 2N5457, between the two data signal buffers, 324A and D. With the switch on, the signal is passed in normal fashion. With the switch off, the output signal to the computer is zero volts.
Clock pulse conditioning is provided by 339D. The conditioned clock pulse triggers an inverted monostable, 556B. The duration of the monostable's cycle time may be adjusted from 0.1 to 10 msec to correspond to the duration of the stimulus artifact. The advantage of using the 556 in its inverted monostable configuration is that the open collector of the discharge transistor is available for logic interface? The discharge transistor, which turns on when the monostable is activated, keeps the output of the 339B low, regardless of the latter's input, during the time of an expected stimulus artifact. This prevents the stimulus artifact from triggering the 556A and causing data rejection. The conditioned clock pulse is also gated through 339E before being sent to the computer. Thus, during overvoltage, the averaging computer is not clocked. Finally, device status is indicated by a light-emitting diode which is turned on during data rejection (abort). The open collector logic at 339A allows additional data channels to be interfaced in parallel, as shown in Fig. 1 . In the multiple-channel configuration illustrated, overvoltage in any single channel aborts data processing in all channels. Figure 2A illustrates a typical SER, recorded intraoperatively during the intermittent use of monopolar and bipolar coagulation. The peak at the beginning of the record is the stimulus artifact. A calibration pulse is seen at the end of the record. This figure illustrates the good signal:noise ratio obtained with the artifact rejection device described. The record shown in Fig. 2B was obtained simultaneously, but the input to the firststage amplifier was a pair of signal generators supplying identical calibration pulses at the beginning and end of each epoch. Note that the peak-to-peak amplitudes of both pulses (measured at the end of each pulse) are similar, despite the early termination of some of the epochs in the ensemble. This indicates that early termination of some epochs did not cause an appreciable loss in amplitude of the late components of the SER in Fig. 2A . Statistical analysis of the amplitudes of the early and late calibration pulses in 19 similar intraoperative control recordings showed no significant differences (group comparison test, p = 0.8).
Discussion
Interest in the neurosurgical application of sensory evoked potentials is growing. Since brain-stem auditory evoked potentials and the early components of somatosensory evoked potentials are relatively unaffected by general anesthesia, these signals represent a useful method for monitoring neural pathways during surgical procedures. ~,2
Unfortunately, the operating room is often an electrically noisy environment. The electrical noise generated by monopolar coagulation can degrade an evoked potential recording within seconds. Manual interruption of the averaging process is too slow to prevent the loss of many otherwise valid recordings. Most commercial artifact rejection circuits, consisting of simple amplitude discriminators, are well suited for obtaining brain-stem auditory evoked potentials. However, the stimulus artifact inherent in somatosensory evoked potentials is of sufficient amplitude to cause continuous rejection with these devices. By disabling the rejection circuitry for several milliseconds after each stimulus, this difficulty has been overcome.
We have not found it necessary to incorporate a separate memory buffer into our system, as would be needed to discard an entire epoch of data when noise begins after a sweep has been initiated. Our approach, which is simpler and less expensive, is to terminate the epoch at the onset of noise. Early termination of some epochs in an ensemble would theoretically reduce the amplitude of the later components in the averaged record. However, we found no statistically significant difference between the amplitudes of early and late calibration pulses in 19 intraoperative control recordings. This implies that the number of epochs terminated early was sufficiently low, such that the theoretical reduction of late component amplitudes was less than the residual noise after averaging. The design feature which deliberately seeks out long quiet intervals between clusters of noise is responsible for minimizing the incidence of early terminations of epochs. Similar results have been obtained in preoperative recordings, employing a fixed holding time of 0.5 seconds, when the principal source of noise is electromyographic artifact. Notably, amplitude data are generally quite variable and are therefore considered to be less useful for quantification than latency data. Latencies are of course not affected by early termination of epochs.
The intraoperative recording of somatosensory evoked potentials is a promising tool in the neurosurgical armamentarium; however, its wider acceptance depends in part on its reliability and ease of implementation. By use of low-impedance electrodes (< 5000 ohms), a stimulus frequency that minimizes 60-Hz noise, and the automatic artifact rejection device described, we have found that reliability and ease of implementation are readily achieved.
